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Abstract. Single component adsorption equilibrium data for water vapor on commercially available activated
alumina F-200 measured in a previous study (Serbezov, 2003) is correlated by two adsorption isotherm equations,
both of which are based on the adsorption potential theory. The first equation is the well known Dubinin-Astakhov
(D-A) equation. The second equation is obtained from a methodology proposed by Kotoh et al. (1993). It is referred
to as a dual mechanism adsorption potential (DMAP) equation because it is a linear combination of two D-A terms
with n = 1 where each term accounts for a specific mechanism of water retention. The D-A equation has two
fitting parameters; the DMAP equation has three fitting parameters. The DMAP model provides a better fit for the
adsorption data than the D-A model, while neither model describes the desorption data well. Analysis of the DMAP
equation parameters shows that most of the water is retained by virtue of capillary condensation. In addition to
fitting the experimental data, the heat of adsorption was calculated as function of the relative humidity and adsorbent
loading. When capillary condensation is present, the heat of adsorption is only slightly higher than the latent heat

of vaporization.
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Introduction

Activated alumina desiccants are widely applied in the
drying of compressed air, natural gas, and saturated hy-
drocarbons. In recent years one type of activated alu-
mina with a trade name F-200 is rapidly becoming the
industry standard for drying compressed air by pressure
swing adsorption (PSA). In an earlier study Serbezov
(2003) obtained pure component adsorption isotherm
data of water vapor on F-200 activated alumina at sev-
eral temperatures. The purpose of the current work is
to correlate the experimental data with appropriate ad-
sorption isotherm models and render them in a form,
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in which they can be applied in process modeling and
simulation. An additional goal is to use the correlated
data and determine the heat of adsorption.

The design of PSA units is often facilitated by the use
of dynamic adsorber models (Serbezov and Sotirchos,
1997, 1999). These models require information for
the adsorption equilibrium in the form of an adsorp-
tion isotherm equation that calculates the equilibrium
loading at given temperature and pressure. The non-
isothermal models also require information for the heat
of adsorption as function of the loading.

The number of isotherm equations that are suitable
for describing the adsorption of vapors on porous ad-
sorbents over the full partial pressure range is not very
large. The Dubinin-Astakhov (D-A) equation has been
the most widely used equation to describe the adsorp-
tion of vapors on porous adsorbents (Do, 1998). Its
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principle deficiency, however, is that at very low par-
tial pressures it has an incorrect Henry’s law behavior
(Do, 1998). A correlation that has the correct Henry’s
law behavior at low partial pressures was proposed by
Hacskaylo and LeVan (1985) using a modified Antoine
equation but it has been used mostly for adsorption of
light hydrocarbons on activated carbon (Al-Muhtaseb
et al., 2000). Kim et al. (2003) used the Aranovich-
Donohue equation and the n-layer BET equation to
correlate adsorption equilibrium data of water vapor
on alumina, zeolite 13X and a zeolite/activated car-
bon composite. Desai et al. (1992) used a combined
Langmuir/BET model to correlate adsorption equilib-
rium data for water vapor on several types of acti-
vated alumina. Kotoh et al. (1993) developed a mul-
tilayer/multimechanism model for water adsorption on
activated alumina that provided a very good fit to their
experimental data.

In this work two equations are used to correlate the
experimental data of water vapor on F-200 activated
alumina. The first one is the D-A equation. The second
one is based on the methodology described by Kotoh et
al. (1993) and will be referred to as the dual mechanism
adsorption potential (DMAP) equation. It is based on
the adsorption potential theory and accounts explicitly
for the different mechanisms by which water is held
on activated alumina adsorbents. The isotherm equa-
tions are also used to calculate the heat of adsorption
as function of the relative humidity and the fractional
loading of the adsorbent.

Theory

Polanyi’s potential theory is widely used to correlate
the adsorption of vapors on porous adsorbents. It al-
lows adsorption isotherms at different temperatures to
be characterized with a single curve with respect to
adsorption potential, A:
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where P and P,(T) are the equilibrium and saturation
pressures respectively, R, is the ideal gas law con-
stant, and 7 is the absolute temperature. The Dubinin-
Astakhov (D-A) equation (Do, 1998) relates the ad-
sorption potential to the loading in a porous adsorbent:
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In Eq. (2) g is the equilibrium molar loading, g is the
maximum molar loading, E is the characteristic energy
of adsorption, and n is a heterogeneity parameter re-
lated to the pore size distribution of the adsorbent. The
maximum molar loading (g;) can be calculated from
the total pore volume of the adsorbent, V,,,, which can
be determined by experimental methods:
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InEq. (3) p is the liquid density of the adsorbed species,
and MW is its molecular weight. The two remaining
parameters in the D-A equation (E and n) can be found
by fitting experimental data. When Eq. (1) is substituted
in Eq. (2), a form of the D-A equation is obtained in
which the equilibrium molar loading is expressed as
function of the adsorbate partial pressure at constant
temperature:
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One deficiency of the D-A equation is that it does
not distinguish between the different mechanisms by
which water is retained on activated alumina. There
are three distinct mechanisms that contribute to the ad-
sorption of water vapor on activated alumina (Desai
etal., 1992). At low partial pressures, water molecules
chemisorb to the surface of the adsorbent. At inter-
mediate partial pressures, water molecules physisorb
to the chemisorbed water molecules. At higher partial
pressures the pores are filled with liquid by capillary
condensation. Kotoh et al. (1993) presented a method-
ology to extend the adsorption potential theory to situ-
ations with more than one adsorption mechanism. It is
based on a variation of the D-A equation with n = 1,
which effectively reduces the D-A equation to the Fre-
undlich isotherm equation. In this study, we have used
the approach of Kotoh et al. (1993) and have postulated
the following adsorption isotherm equation:

2
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In Eq. (5) g, is the maximum molar loading due
to the combined contribution of chemisorption and
physisorption. The parameter g, is the maximum total
molar loading due to all mechanisms and is the same as
the parameter ¢, in the D-A equation. The difference
(gs2 — ¢51) 1s the maximum molar loading due to
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capillary condensation alone. The first term in Eq. (5)
accounts for the combined effect of chemisorption
and physisorption, while the second term accounts for
capillary condensation. Thus, we will refer to Eq. (5)
as the dual mechanism adsorption potential (DMAP)
equation. Following the terminology introduced by
Kotoh et al. (1993), we will refer to the first term as the
j = 1 term and the second term as the j = 2 term. We
have combined the chemisorption and physisorption
mechanisms because in our experimental data, we
can only observe the combined effect of the two
mechanisms. This will be explained in greater detail
later in the article.

The DMAP equation has three fitting parameters:
gs1, E1,and E,. The fourth parameter g;; is found from
the pore volume of the adsorbent as explained earlier
in Eq. (3). When Eq. (1) is substituted in Eq. (5), a
form of the DMAP equation is obtained in which the
equilibrium molar loading is a function of the adsorbate
pressure at constant temperature:
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Eq. (6) shows that in effect the DMAP equation is a
linear combination of two Freundlich type isotherms.

The heat of adsorption, (—AH), can be found
through the van’t Hoff equation:

(—AH) _(dInP ;
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We show in Appendix A that for both equations, D-A
and DMAP, the partial derivative on the right hand side
of Eq. (7) is equal to

(amp) =|:d1n(Po(T))+1n(R>;T)):|. "
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The first term on the right hand side of Eq. (8) can be
found from the Clausius-Clapeyron equation:
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where AH,,,(T) is the heat of vaporization at temper-
ature 7. Combining Eqgs. (7)—(9) we get the following
expression for the heat of adsorption:

Py(T)
—AH = AH,p(T) + RTIn | =

= AH,,(T) + A. (10)

It is seen that the heat of adsorption is a sum of the
heat of vaporization and the adsorption potential. It is
also seen from Eq. (10) that at constant temperature the
heat of adsorption is a function of pressure only and is
independent of any fitting parameters.

If more than two adsorption mechanisms are con-
sidered, additional terms can be added to the DMAP
equation, which would improve the fit. The general
form of the extended DMAP equation with N differ-
ent terms is shown in Eq. (A6) in Appendix A. How-
ever, the heat of adsorption would always be calculated
through Eq. (10) regardless of the number of terms in
the extended DMAP equation.

For the D-A equation the adsorption potential A can
be expressed as an explicit function of the fractional
loading, 6:

1 1/n
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Combining Eqgs. (10) and (11), the common expression
for the heat of adsorption based on the D-A equation is
obtained (Do, 1998):

1/n
—AH = AH,,(T) + E[ln <é>] K

Equation (13) shows the heat of adsorption as an ex-
plicit function of the loading. For the DMAP equation,
a similar expression cannot be derived because the ad-
sorption potential is not an explicit function of the load-
ing. For the DM AP equation, the heat of adsorption can
be related to the loading numerically since the loading
and the heat of adsorption are both known functions of
the partial pressure (Egs. (6) and (10)).

Experimental

The adsorption equilibrium data presented in this study
was obtained by the static gravimetric technique. The
adsorption equipment was IGA-002 (Intelligent Gravi-
metric Analyzer) system manufactured by Hiden An-
alytical, Ltd. (UK). The microbalance has a sample
capacity of 200 mg and a weighting resolution of
0.1 pg. The temperature in the vicinity of the sam-
ple is measured by a platinum resistance thermometer
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Table 1. Physical properties of F-200 7 x 14 Tyler mesh activated
alumina adsorbent as reported by the manufacturer.

Form Spherical
Diameter 2 mm

Surface area 360 m?/g
Total pore volume 0.5 cm’/g
Packed bulk density 769 kg/m?

with accuracy of +0.1°C. The pressure is measured
by a capacitance manometer with a range of 100 mbar
and accuracy of £0.02 mbar. The experimental setup
is described in greater detail in an earlier publication
(Serbezov, 2003).

The physical properties of the F-200 activated alu-
mina used in this study are listed in Table 1 as reported
by the manufacturer’s specifications for the lot. Several
samples from the lot were tested for surface area and
total pore volume, and the results were consistent with
the manufacturer’s specifications.

Results

The loading of the adsorbent as function of the adsorp-
tion potential is shown in Figs. 1 and 2 for adsorption
and desorption, respectively. The experimental data is
in the range from 5 to 35°C and is obtained in an earlier
work (Serbezov, 2003). It is fitted to the D-A equation
(Eq. (2)) using a non-linear regression routine and to
the DMAP equation (Eq. (5)) using a non-linear re-
gression routine and a linear procedure developed by
Kotoh et al. (1993) described in Appendix B.

The best-fit values of the regression parameters and
their standard errors are listed in Table 2 for the D-A
equation and in Table 3 for the DMAP equation. The
standard errors assess the precision of the best-fit val-
ues and can be used to compute confidence intervals
(Motulsky and Christopoulos, 2003). For all parame-
ters listed in Tables 2 and 3, the 95% confidence interval
(i.e., the interval that has a 95% probability of contain-
ing the true value of the parameter) is centered at the
best-fit value and extends two standard errors on both
sides (above and below).

The 95% confidence intervals for the DMAP param-
eters obtained by the linear and non-linear regression
procedures overlap significantly, which is an indication
that the two procedures can be statistically considered
equivalent. Since the non-linear regression is much eas-
ier to set up, it is recommended for future studies.
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Figure 1. D-A and DMAP equation adsorption potential fits for
adsorption data in the range from 5 to 35°C.
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Figure 2. D-A and DMAP equation adsorption potential fits for
desorption data in the range from 5 to 35°C.
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Table 2. D-A equation parameters for adsorption and desorption in
the range from 5 to 35°C.

Adsorption Desorption

27.709 (1.574)
1.993 (0.218)
0.670 (0.064)

27.709 (3.213)
2.905 (0.504)
0.807 (0.144)

g5 (Std. Error), mmol/g
E (Std. Error), kl/mole
n (Std. Error)

Table 3. DMAP equation parameters for adsorption and desorp-
tion in the range from 5 to 35°C.

gs,; (Std. Error) mmol/g E; (Std. Error) kJ/mol

Linear Non-Linear Linear Non-Linear
j  procedure procedure procedure procedure
Adsorption

1 10.018 (1.318) 9.643 (1.255) 7.355(1.369) 7.606 (1.44)

2 27.709 (0.499) 27.709 (0.488) 0.862 (0.098) 0.862 (0.093)
Desorption

1 9.920(4.011) 8.215(5.244) 11.416(7.720) 11.517 (10.731)

2 27.709 (1.952) 27.709 (1.381) 1.284(0.442) 1.640 (0.521)

Table 4 presents a summary of the statistical mea-
sures that are used to determine which one of the two
models fits the data better. The coefficient of determi-
nation (R?) describes how close the fitted curve comes
to the data. Both models have very high R? values in-
dicating that they both describe the data well with the
DMAP being slightly better. The standard error of esti-
mate (SEE) quantifies the uncertainty in the regression

Table 4.  Statistics for D-A and DMAP equation fits for adsorption
and desorption in the range from 5 to 35°C.

Model R> SEE SS PRESS D-W
Adsorption
D-A 0974 1.172 42549 53.872 0.649
DMAP 0.992 0.663 13.197 18219 1.995
linear procedure
DMAP 0.992 0.650 12.655 17.529 2.088
non-linear procedure
Desorption
D-A 0.947 1.571 66.630 87.270 0.523
DMAP 0.962 1360 48.098 67.515 0.693
linear procedure
DMAP 0.973 1.137 33.588 46.782 0.985

non-linear procedure

curve and it is smaller for the DMAP model. The sum
of squares (SS) is a measure of how well the model pre-
dicts the experimental data while the predicted residual
error sum of squares (PRESS) is a measure of how well
the model predicts new data. The lower SS and PRESS
values for the DMAP model indicate that it has better
predictive capabilities than the D-A model. The reason
is that the D-A model does not differentiate between
the different mechanisms by which water is retained on
the adsorbent.

The Durbin-Watson (D-W) statistic is a measure of
the correlation between the residuals (i.e., the differ-
ence between the observed and predicted values). The
more this value differs from 2, the greater the likeli-
hood that the residuals are correlated, and the fit is not
likely to describe the data well. In Table 4 the D-W
statistic is 2 only for the DMAP fit of the adsorption
data and significantly less than 2 in all other cases. This
suggests that the DMAP model provides a better fit for
the adsorption data than the D-A model, while neither
model describes the desorption data well. The poor fit
for the desorption data is also evidenced by the fact that
each desorption parameter has a much larger standard
error (broader confidence interval) than its correspond-
ing adsorption parameter.

The regressed D-A and DMAP parameters can be
substituted in Eqgs. (4) and (6), respectively, to obtain
adsorption and desorption isotherms at different tem-
peratures. Figure 3 shows the adsorption and desorption
isotherms at 25°C and compares them to the experi-
mental data. The desorption data is poorly correlated,
which is consistent with previously discussed results.
It can also be seen that the DM AP equation provides a
better fit to the adsorption data than the D-A equation.

The experimental data shows that a pronounced hys-
teresis exists in the entire range of partial pressures.
This is the reason why the adsorption and desorption
data are fitted separately. The hysteresis in the upper
range of partial pressures (i.e., after the onset of capil-
lary condensation) is of the H3 type, based on the IU-
PAC classification (Sing et al., 1985). Its characteristic
feature is that the isotherm does not level off at relative
pressures close to the saturation vapor pressure. This
phenomenon has been observed in many experimental
studies but its origin is still not fully understood. The
existence of H3 type hysteresis has generally been at-
tributed to the presence of slit-shaped pores (Rouquerol
et al., 1999), but more recently it has been suggested
that H3 hysteresis loops may arise from the presence
of large mesopores embedded in a matrix with pores of
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Figure 3. D-A and DMAP equation fits for adsorption and desorp-
tion at 25°C.

much smaller size (Kruk and Jaroniec, 2001). The hys-
teresis in the lower range of partial pressures (i.e., be-
fore the onset of capillary condensation) is most likely
caused by chemisorption effects (Sing et al., 1985).
As mentioned earlier, the contributions of
chemisorption and physisorption have been lumped
into one mechanism represented by the first term of Eq.
(5). The reason for this is that chemisorption occurs
at very low partial pressures where experimental data
has not been obtained, and therefore, the individual
contribution of chemisorption cannot be isolated from
that of physisorption. Assuming that chemisorbed wa-
ter cannot be desorbed by virtue of vacuum alone, the
loading at the last desorption point in the experimental
sequence (10~° mbar) can be viewed as representative
of the maximum loading of chemisorbed water. From
the experimental data in Fig. 3 for 25°C, it is seen
that the loading at the first adsorption point in the
experimental sequence (1 mbar) is higher than the
loading at the last desorption point in the experimental
sequence (107® mbar). The experimental data at all
other temperatures shows the same pattern. Thus, the
available experimental data reveals only the combined

effect of chemisorption and physisorption, and this is
why the two mechanisms have been lumped together
in the DMAP equation.

The maximum molar loading due to the combined
effect of chemisorption and physisorption can be es-
timated by examining the values of the g;; parame-
ter in the DMAP equation in Table 3. It is expected
that ¢g;; be approximately the same for both adsorp-
tion and desorption. This expectation is supported by
the fact that the 95% confidence interval for adsorption
is completely enclosed in the 95% confidence inter-
val for desorption. Based on the results from the non-
linear procedure, it can be said with 95% confidence
that the true value of ¢ is between 7.133 mmol/g and
12.153 mmol/g. Comparing g1 to (gs2 — ¢s1) it can
be concluded that capillary condensation is the domi-
nant mechanism by which water is held on the F-200
activated alumina.

The individual contributions of the two mechanisms
in the DMAP equation are shown in Fig. 4 for ad-
sorption at 35°C using the best-fit parameters from the
non-linear procedure. It is seen that for relative humid-
ity below 25% capillary condensation is very small and

Relative Humidity/ %
0 20 40 60 80 100
30 i i i M
t=35°C
25 4 A Adsorption, Experimental /A
Total
—_——— j= 1
—_— j= 2
20

Loading, mmol/g
-
[,

-
o
i

0 5 10 15 20 25 30 35 40 45 50 55
P, mbar

Figure 4. Contribution of the individual terms in the DMAP equa-
tion for adsorption data at 35°C.
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Figure 5. Heat of adsorption for the D-A and DMAP equations as
a function of pressure at 5, 15, 25, and 35°C.

the second term in the DM AP equation can be neglected
as described in Appendix B. At higher relative humid-
ity the loading due to capillary condensation increases
much faster than the loading due to chemisorption and
physisorption together.

The heat of adsorption as a function of the relative
humidity at different temperatures is shown in Fig. 5.
The results are obtained with Eq. (10) and pertain
to all desiccants whose adsorption isotherms can be
represented by the D-A, the DMAP, or the extended
DMAP equations. Since the extended DMAP equation
(Eqg. (A6)) can have an infinite number of fitting pa-
rameters and produce adequate fits for a broad range
of desiccants, Eq. (10) and Fig. 5 are generic and can
be used for a large number of adsorbents.

Figure 6 presents the heat of adsorption at different
temperatures as a function of fractional loading pre-
dicted by the DM AP equation. The results are produced
by combining Egs. (6) and (10) and using the non-linear
regression parameters in Table 3.

It follows from Eq. (10) that at saturation the heat of
adsorption is equal to the heat of vaporization. Figure 5
shows that in the range of pressures where capillary

60
— t=5°C
! -——— t=15°C
551 3 —— t=25°C
3 t=35°C
é\
5
< 50 o
T
<
45
40

00 01 02 03 04 05 06 07 08 09 1.0
(4

Figure 6. Heat of adsorption for the DMAP equation as a function
of fractional loading at 5, 15, 25, and 35°C.

condensation occurs (relative humidity above 25%) the
heat of adsorption is not very much higher (less than
7%) than the heat of vaporization. Figure 6 presents
the same results in terms of fractional loading. When
6 = 0.25 the heat of adsorption is only 7% higher than
the heat of vaporization, and this difference decreases
as the loading increases. At very low pressures, the heat
of adsorption becomes unbound, which results from
the fact that both the D-A and the DMAP equations do
not have the correct Henry’s law behavior at very low
pressures.

Conclusions

The adsorption equilibrium of water vapor on com-
mercially available activated alumina F-200 was corre-
lated by the D-A and the DMAP equations. The latter
is a linear combination of two Freundlich isotherms:
one accounting for the water retention due to the com-
bined effects of chemisorption and physisorption and
the other accounting for the water held on the adsor-
bent by capillary condensation. Chemisorption and ph-
ysisorption were lumped in a single term because their
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individual contributions could not be distinguished in
the experimental data. Of the two equations, the DMAP
equation provided a much better fit to the adsorption
data, while neither model described the desorption data
well.

The parameters in the DMAP equation were fitted
using linear and non-linear regression techniques. Both
methods were determined to be statistically equivalent,
and the non-linear technique was recommended for fu-
ture studies because it was easier to apply. Based on
the physical meaning of the DMAP equation parame-
ters it was concluded that capillary condensation was
the dominant mechanism by which water was held on
the adsorbent.

Capillary condensation was determined to be signif-
icant above approximately 25% relative humidity and
25% fractional loading. The heat of adsorption as func-
tion of the relative humidity and the fractional loading
was also calculated. For relative humidity or fractional
loadings where capillary condensation was present, the
heat of adsorption was only slightly higher (7% or less)
than the heat of vaporization.

The results presented in this study were based on
the assumption of constant water density—the average
density in the temperature range of interest, 5 to 35°C.
The calculations were repeated by taking into account
the water density change with temperature, but there
was no significant difference in the results. This was
consistent with the fact that water density is a weak
function of temperature and the temperature range of
interest was very narrow, only 30°C.

The F-200 activated alumina is a very popular ad-
sorbent in industrial practice. Many PSA plants, either
in operation or under design considerations, use this
adsorbent for water vapor removal from various gas
streams. The design and the optimization of these units
involve the use of dynamic simulation models of dif-
ferent degrees of complexity. A common requirement
for the application of these models, even the simplest
ones, is the availability of adsorption equilibrium data
regressed to an appropriate adsorption isotherm equa-
tion. Thus, the correlations presented in this study can
be applied in design and the optimization of adsorption
columns packed with F-200 activated alumina and used
for water vapor removal.

Nomenclature
A Adsorption potential defined in Eq. (1),
kJ/mol

E Characteristic energy in the D-A equation

(Eq. (2)), kJ/mol

E, Characteristic energy in the DMAP
equation (Eq. (5)) for the j = 1 term,
kJ/mol

E, Characteristic energy in the DMAP
equation (Eq. (5)) for the j = 2 term,
kJ/mol

(—AH) Heat of adsorption, kJ/mol

AH,.,(T) Heat of vaporization of water at
temperature 7, kJ/mol

j Number that designates the retention
mechanism in the DMAP equation
(Eq. (5)); chemisorption and
physisorption (j = 1) or capillary
condensation (j = 2)

MW Molecular weight of the adsorbed species

n Heterogeneity parameter in the D-A
equation (Eq. (2)) related to pore size
distribution

N Counter in extended DMAP equation
(Eq. (A6))

P Partial pressure of water, mbar

P,(T) Saturation pressure of water at
temperature 7, mbar

q Equilibrium molar loading, mmol/g

qs Maximum molar loading in the D-A
equation (Eq. (2)), mmol/g

qs1 Maximum molar loading for the j =1
term in the DMAP equation (Eq. (5)),
mmol/g

qs> Maximum total loading in the DMAP
equation (Eq. (5)), mmol/g

R, Ideal gas law constant, kJ/mol-K

t Temperature, °C

T Absolute temperature, °K

Vi Pore volume of adsorbent, cm?/ g

Greek letters

0 fractional loading defined in Eq. (12)

0 liquid density of the adsorbed species,
cm’/g

Other

D-A Dubinin-Astakhov

DMAP Dual Mechanism Adsorption Potential

D-W Durbin Watson statistic

PRESS Predicted residual error sum of squares

PSA Pressure swing adsorption

R? Coefficient of determination

SEE Standard error of estimate

SS Sum of squares
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Appendix A: Calculation of the (222), Term in

the van’t Hoff Equation for the D-A, the DMAP
and the Extended DMAP Equations

Since the molar loading ¢ is a function of tempera-
ture and pressure, (i.e., g (T, P)) we apply the rules of
multivariable calculus to get

(alnP> :g(y) __GHe Ay
or J, P\OT P(B_‘f)T

q P

For the D-A equation (Eq. (4)) the corresponding
partial derivatives are

(8_q> = —nqﬂexp{—<£>n|:ln —PU(T)]"}
T ), ’ E P

R.T n Pa T n 1 dln P,(T)
x [ =2 In () I ——
e T e e

(A2)

and

_ nacexp | = (52" [In 220"} (%) [ 252"

2
E E P

Pin (20
(A3)

When Egs. (A2) and (A3) are substituted into Eq. (A1)
and the resulting expression is simplified, the result
shown in Eq. (8) is obtained.

For the DMAP equation (Eq. (6)) the corresponding
partial derivatives are

ag\ d1n Py(T) P,(T)
(57), = [ (%) +rm (557

RgT RgT
() %
X 14s, UT + (C]sZ _%)OT
(A4)
and
()
g R, T ra)
(3_P>T = ; qs, E, + (Qsz - QSl)
P RgT
2
« (P,,(T)) (AS5)
E,

When Egs. (A4) and (A5) are substituted into Eq. (A1)
and the resulting expression is simplified, the result
shown in Eq. (8) is obtained.

If more than two adsorption mechanisms are consid-
ered, the DMAP equation can be extended to include
additional terms. The general form of the extended
DMAP equation with N different terms is

ReT

P o\
1= (7im)
N P\
+ Z |:(CISJ‘ B Clsjl)<m> i| (A6)
j=2 °

The partial derivatives with respect to temperature and
pressure are

o\ dn P,(T) P,(T)
(57), =[x (ZF ) + (%0

() &
X S1 ”(E)' ‘I'Z(Cb, _513,71)
)%
x (Pﬂ(g) ' (A7)
J
and
RgT

N (7)) 7
+ ) (a5, —a5,) 12— ). (A8)

j=2 E;

When Egs. (A7) and (A8) are substituted into Eq. (A1)
and the resulting expression is simplified, the result
shown in Eq. (8) is obtained.

Appendix B: Linear Regression Procedure for the
DMAP Equation

At low pressure, the contribution of capillary conden-
sation (j = 2 term) is small and can be assumed neg-
ligible. With this assumption, Eq. (5) simplifies to:

= e (B1)
51 €X . B
q = qs1€Xp E
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¢ Adsorption, Experimental (j = 1)
o Adsorption, Experimental (j = 2)
Linear Fit (j=1)

-
o
M

Loading, mmol/g

1 T T T T T

0 2 4 6 8 10 12
Adsorption Potential, kJ/mole

Figure BI. DMAP equation adsorption potential fit for the j = 1
term in Eq. (5) for the adsorption data in the range from 5 to 35°C.

On a semi-logarithmic scale, the loading due to the
combined effect of chemisorption and physisorption
(j = 1 term) shows a linear relationship with respect
to adsorption potential. The values of ¢;; and E; can
be determined from the intercept and the slope of the
line, respectively. This is shown in Fig. B1 for the ad-
sorption data. The desorption data was fit in the same
manner. Next, the contribution of capillary condensa-
tion at higher partial pressures is found by rearranging

Eq. (5):

A ( ) A
—gaexp| ——=— | = —gs1)exp|—— ).
q — {451 €Xp E qds2 — qs1) €Xp E

(B2)

When the left hand side of Eq. (B2) is plotted versus
the adsorption potential on a semi-logarithmic scale,
an equation of a straight line is obtained, and E; can
be determined from the slope of the line. The intercept
of the line is fixed since the values of ¢, and ¢ are
already known. The DM AP equation correlation for the
j = 2 term is shown in Fig. B2 for the adsorption data,
and the desorption data was fit in the same manner.

o Adsorption, Experimental (j = 2)
Linear Fit (j = 2)

-
o
I

Loading, mmol/g

1 T T T T T

0.0 0.5 1.0 1.5 2.0 25 3.0
Adsorption Potential, kJ/mole

Figure B2. DMAP equation adsorption potential fit for the j = 2
term in Eq. (5) for the adsorption data in the range from 5 to 35°C.
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